Juvenile and fetal, primary, fully differentiated cells are widely considered to be ideal cell types for tissue engineering applications. However, their use in tissue engineering may be hindered through contamination by undesirable cell types. These include blood-associated cells as well as unwanted resident cell types found both in healthy and pathologic donor tissues. Ammonium-chloride-potassium (ACK) lysing buffer is used to lyse red blood cells (RBCs) during the isolation of stem cell populations, but has not been explored for the purification of fully differentiated cells. This study sought to investigate the effect of ACK buffer treatment of freshly isolated, fully differentiated cells to increase cell purity and enhance the formation of biofunctional engineered neotissues; this was tested in the well-established cartilage tissue engineering model of the self-assembling process using fetal ovine articular chondrocytes (foACs) and juvenile bovine articular chondrocytes (jbACs). ACK buffer treatment of foACs and jbACs decreased the number of contaminating RBCs by over 60% and additionally reduced the number of apoptotic chondrocytes in the cell isolates. Reducing the number of contaminating RBCs removed cellular detractors to the self-assembling process and eliminated an apoptotic stimulus, thus improving neocartilage homogeneity, chondrocyte distribution, and extracellular matrix deposition within the neotissues. For example, in foAC neocartilage, ACK buffer treatment ultimately led to a 170% increase in compressive aggregate modulus, a 130% increase in shear modulus, an 80% increase in tensile modulus, and a 130% increase in ultimate tensile strength of the neocartilage. This work represents the first time that ACK buffer has been used to purify fully differentiated cells and subsequently increase the functional properties of neotissue.
Introduction
T he goal of tissue engineering is to replace injured tissue in an effort to halt and reverse disease progression. Primary, fully differentiated cells are widely considered to be the ideal cell type for tissue engineering. They are phenotypically stable and readily produce tissue-specific extracellular matrix (ECM) molecules. Juvenile, and furthermore fetal, sources of tissue are most desirable due to their enhanced proliferative and synthetic abilities compared with adult cells. 1 Tissue-engineered products comprising juvenile cells are currently used clinically. For example, RevaFlex (ISTO Technologies), 2 a tissue-engineered product for the repair of cartilage using juvenile chondrocytes, is currently in Phase III clinical trials in the United States. 3 While these engineered tissues show promise, they have yet to recapitulate native tissue properties and structure.
Tissue engineering efforts using primary cells may be hindered through contamination by undesirable cell types.
Predominantly, contamination by blood and surrounding tissue can occur during the isolation of target donor tissue. Furthermore, many tissues comprise multiple cell types, not all of which are suitable for tissue engineering applications. Disease state and tissue maturity may additionally introduce unwanted cell phenotypes into isolated populations. Aged tissues, which are more prone to diseases such as cancer, atherosclerosis, and osteoarthritis, contain senescent cells that increasingly produce reactive oxygen species, inflammatory mediators, and matrix-degrading enzymes. 4, 5 Regardless of the donor tissue type and age, contamination by hematopoietic cells through blood remains the primary, ubiquitous source of unwanted cell types in cell isolates. [6] [7] [8] [9] These limitations necessitate the use of cell purification methods during isolation to eliminate the presence of undesirable phenotypes and achieve homogeneous cell populations suitable for tissue engineering.
Articular cartilage tissue engineering is well established and therefore may be used as an example system. Unwanted cell Departments of 1 Biomedical Engineering and 2 Orthopaedic Surgery, University of California, Davis, California. phenotypes in cartilage cell isolates can be present due to a number of reasons. The most prevalent is through contamination by hematopoietic cells when taking cartilage biopsies in clinical applications, such as autologous chondrocyte implantation. 7 Crucially, it has been shown that even short-term exposure of cartilage to blood induces chondrocyte apoptosis. [10] [11] [12] Second, in a clinical setting, autologous or allogeneic cartilage grafts are often taken from adult tissues, which exhibit matrix degradation, surface defects, and fibrillation. 13 Diseased cartilage, such as in osteoarthritis, experiences enhanced ECM degeneration and contains chondrocytes of altered phenotypes. 13, [15] [16] [17] Degenerative changes to the cartilage ECM are associated with chondrocyte apoptosis.
14 Fetal cartilage, on the other hand, is vascularized, thus introducing blood and a plethora of cell types into the mass of tissue from which chondrocytes are isolated. 18 Additionally, even in healthy tissue, cartilage isolation itself causes tissue damage, resulting in necrosis at the wound edge and a wave of apoptosis extending into the tissue. 19, 20 Cell phenotype heterogeneity, especially by red blood cell (RBC) contamination, may be an unexpected factor limiting the ability of engineered cartilage properties from reaching those of native tissue.
Despite the need for chondrocyte purification, only a few studies have aimed to demonstrate its importance. Employing collagenase to sequentially digest whole hamster rib cartilage into two fractions, it was demonstrated that the second fraction contained a cell population with more homogeneous chondrocytic morphology compared with the whole unseparated population. 21 Another method to purify isolated chondrocytes is through sequential plating. Rat cartilage cell isolates separated by differential adhesion to tissue culture plastic showed 100% chondrocytes after the 8 th plating versus a mixture of cells when the whole population was plated. 22 Yet another method suggests the use of cell surface markers, such as CD14 and CD45, to exclude contamination by monocytes and hematopoietic cells. 7 Ammonium-chloridepotassium (ACK) lysing buffer is commonly used to lyse RBCs in samples containing white blood cells, such as ethylenediaminetetraacetic acid (EDTA)-treated whole blood, buffy coats, and bone marrow. For tissue engineering purposes, ACK buffer is used to isolate pure populations of stem cells, such as adipose-derived 23, 24 and mesenchymal stem cells, 25 but has not yet been explored in the isolation of non-stem cell types. As RBCs are the primary, ubiquitous contaminating cell type in many isolates of fully differentiated cells, including chondrocytes, ACK buffer treatment holds promise for purification of the cell populations desirable for tissue engineering applications.
Given the importance of cell purity, the objective of this study was to determine the utility of ACK buffer treatment of freshly isolated fully differentiated cells to enhance their capacity to form biofunctional tissues. Clinically relevant articular chondrocytes (ACs) from fetal and juvenile cartilage were used as the model in the following studies: in Study 1, fetal ovine articular chondrocytes (foACs) were treated with ACK buffer during their isolation. It was hypothesized that treatment would increase chondrocyte purity and subsequently increase the functional properties of selfassembling neocartilage. In Study 2, it was the goal to confirm the effects of ACK buffer treatment on cells from an animal model of different species and age, specifically juvenile bovine articular chondrocytes (jbACs).
Materials and Methods

Cell isolation
foACs were harvested from the patellofemoral surfaces of the stifle joints of three fetal (120-125 day gestation), female, Dorper cross sheep (UC Davis Veterinary Medical School, Davis, CA). jbACs were harvested from the patellofemoral surfaces of the stifle joints of three juvenile (2-14 days), male, Holstein and Jersey calves (Research 87). Processing of ovine and bovine tissues was the same. Articular cartilage from the whole surface of both condyles and the trochlear groove was minced into *1 mm 3 pieces, then washed and centrifuged (500 g for 5 min) three times with Dulbecco's modified Eagle's medium containing 4.5 g/L glucose and GlutaMAX (DMEM; Gibco) and 2% (v/v) penicillin/streptomycin/fungizone (PSF; BD Biosciences). The tissue was digested in 0.2% (w/v) collagenase type II (Worthington) in DMEM containing 3% (v/v) fetal bovine serum (Atlanta Biologicals) for 18 h at 37°C with gentle rocking. After digestion, the resultant cell solutions were filtered through 70-mm cell strainers, centrifuged (500 g for 5 min), and resuspended in blank DMEM. ACs and RBCs were counted and the viability of ACs was assessed by Trypan Blue staining. Half of the foACs and half of the jbACs were treated with ACK buffer, as described in detail below. Cells were counted and viability was assessed again after ACK buffer treatment. Untreated cells were washed with blank DMEM instead of ACK buffer, but were otherwise handled the same way. Cells immediately underwent self-assembly.
ACK buffer treatment
The ACK buffer consisted of 154.4 mM ammonium chloride (Sigma), 10 mM potassium bicarbonate (SigmaAldrich), and 97.3 mM EDTA tetrasodium salt (Acros Organics). This corresponds to 8.26 g ammonium chloride, 1.0 g potassium bicarbonate, and 0.037 g EDTA in 1 L of ultrapure water. This solution should be sterile filtered before use. The protocol for using ACK buffer to purify chondrocytes consists of the following steps:
1. Warm ACK buffer to 37°C. 2. Portion up to 100 million chondrocytes into a 50-mL conical tube. 3. Centrifuge the cell solution at 500 g for 5 min. 4. Aspirate the supernatant and gently resuspend the cell pellet in 10 mL of ACK buffer. Incubate for 3-5 min at 37°C. 5. Centrifuge the ACK buffer cell suspension at 500 g for 5 min. 6. Aspirate the ACK buffer. Wash the cell pellet twice with blank or washing medium before plating or freezing.
Neocartilage construct seeding and culture
Primary foACs and jbACs treated with ACK buffer (+ACK Treatment) and untreated (-ACK Treatment) were each self-assembled into engineered neocartilage constructs in nonadherent agarose wells. A sterile stainless steel mold consisting of 5 mm diameter cylindrical posts was inserted into a 48-well plate, each well containing 1 mL molten 2% (w/v) molecular biology-grade agarose (Thermo) to create a single agarose well in each plate well. After solidification of the agarose at room temperature, the mold was removed.
Agarose wells were filled with chemically defined chondrogenic medium (CHG medium) (DMEM containing 1% PSF, 1% ITS + premix (BD Biosciences), 1% nonessential amino acids (Gibco), 100 nM dexamethasone (Sigma), 50 mg/mL ascorbate-2-phosphate (Sigma), 40 g/mL l-proline (Sigma), and 100 mg/mL sodium pyruvate (Sigma). CHG medium was exchanged twice over the course of 5 days to ensure saturation of the agarose before cell seeding. Treated and untreated foACs and jbACs were each seeded at 4.5 million cells per construct into 5 mm agarose wells in 100 mL CHG medium. Constructs were unconfined at day 6 and placed in larger wells coated with agarose to prevent construct adhesion to the wells. Medium was exchanged daily before unconfinement and every other day after for the duration of the 6-week culture period. Gross morphological analysis, histology, immunohistochemistry (IHC), quantification of glycosaminoglycans (GAGs) and collagen, and mechanical evaluation were performed at the end of the culture period.
Gross morphological analysis
Construct thickness was measured from pictures of the constructs using ImageJ software (National Institutes of Health). Whole constructs were weighed to obtain wet weights before samples were portioned for histological, biochemical, and mechanical analysis.
Histological and immunohistochemical evaluation
Samples were fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned along the short axis into 5 mm sections to expose the full thickness of the construct. Sections were stained with Hematoxylin and Eosin to show morphology, Safranin O/Fast Green to visualize GAGs, and Picrosirius Red to visualize collagen. Additionally, IHC was performed for collagen I (ab90395, dilution 1:250; Abcam) and collagen II (ab34712, dilution 1:4000; Abcam).
Biochemical evaluation
Before construct seeding, caspase activity in ACK-treated and untreated cells was determined with a Caspase-Glo 3/7 assay (Promega). Caspase activity was normalized to DNA content, as quantified with PicoGreen dsDNA reagent (Invitrogen). Construct samples portioned for biochemical analysis were weighed to measure wet weights, lyophilized, and weighed again to measure dry weights. Construct hydration was determined by normalizing the difference in weights before and after lyophilization to the sample wet weight. Lyophilized samples were digested in 125 mg/mL papain (Sigma-Aldrich) at 65°C for 18 h. GAG content was quantified by a Blyscan assay kit (Biocolor). Collagen content was quantified by a modified colorimetric chloramine-T hydroxyproline assay. 26 A standard curve was generated using a Sircol collagen standard (Biocolor). DNA content was quantified with PicoGreen dsDNA reagent (Invitrogen). Both collagen and GAG contents were normalized to wet weight, dry weight, and DNA content.
Mechanical evaluation
Creep indentation compressive testing was performed on 3 mm diameter punches from each construct. A 0.8 mm diameter, flat, porous indenter tip was applied to the samples using masses ranging from 0.45 to 2 g to achieve 10-15% strain. A semianalytical, seminumerical, linear biphasic model and a finite element model were used to obtain the aggregate and shear moduli from the experimental data. 27 For tensile testing, samples were punched into dog bone-shaped specimens with gauge lengths of 1.92 mm, adherent to ASTM standards (ASTM D3039). Paper tabs were glued to the samples outside the gauge length, gripped in a TestResources machine (TestResources, Inc.), and pulled at 1% of the gauge length per second until sample failure. The cross-sectional area of samples was measured with ImageJ and used to generate a stress-stain curve. The tensile modulus was obtained by a least-squares fit of the linear region of the curve. The maximum stress yielded the ultimate tensile strength (UTS).
Statistical analysis
Student's t-test in Prism 6 (GraphPad Software) was used to analyze the biochemical and mechanical data. A p value of <0.05 indicated statistical significance. A sample size of n = 6 per group was used. In figures displaying quantitative results, groups marked by different letters are statistically different. All data are presented as means -standard deviations.
Results
Chondrocyte viability and purity change of the pellets of both cell types. The foAC pellet before treatment appeared light red throughout and milky white after treatment. The jbAC pellet appeared tan with a pink cast before treatment and milky white after treatment. Viability of foACs before and after treatment was 84% -11% and 82% -7%, respectively. Viability of jbACs before treatment was 92% -7% and after treatment was 86% -3%. The total number of foACs and jbACs was reduced by 19% -7% and 9% -3%, respectively, with ACK treatment. RBC content was significantly reduced after treatment of both tec   FIG. 3 . Neocartilage histology. ACK treatment of foACs and jbACs eliminated the diffuse regions of low cellularity present in untreated constructs (*), enhanced neocartilage homogeneity, and intensified GAG, total collagen, and collagen II staining. GAG, glycosaminoglycan. Color images available online at www.liebertpub.com/tec 898 BROWN ET AL.
foACs (36% -14% before and 14% -3% after treatment) and jbACs (21% -6% before and 7% -2% after).
Self-assembled neocartilage morphology Figure 2 shows the gross morphology of self-assembled neocartilage constructs after 6 weeks of culture. All constructs appeared hyaline-like with similar diameters. Bulbous diffuse regions were present within both foAC and jbAC untreated groups. ACK treatment eliminated these regions and yielded flat foAC and jbAC neocartilage. ACK treatment also reduced the thickness and wet weight of both foAC and jbAC neocartilage constructs. Thickness of foAC neocartilage was 1.2 -0.1 mm without treatment and was significantly reduced to 0.7 -0.1 mm with treatment. Thickness of jbAC neocartilage was 0.58 -0.1 mm without treatment and was significantly reduced to 0.38 -0.1 mm with treatment. Wet weight of foAC neocartilage was 26.6 -0.8 mg without treatment and was significantly reduced to 15.1 -0.6 mg with treatment. Wet weight of jbAC neocartilage without treatment was 13.3 -0.4 mg and was significantly reduced to 7.3 -0.2 mg with treatment. Hydration of foAC neocartilage was 87.1% -0.5% without ACK treatment and 87.2% -0.4% with treatment. Hydration of jbAC neocartilage was 89.0% -0.3% without ACK treatment and was significantly reduced to 86.4% -0.9% with treatment. Figure 3 shows neocartilage construct histology and immunohistochemistry after 6 weeks of culture. Histology showed the presence of diffuse GAG-rich regions of low cellularity in both untreated foAC and jbAC neocartilage. ACK treatment eliminated these diffuse regions, yielding homogeneous tissue staining more intensely for GAG and collagen in both foAC and jbAC constructs. Intense GAG staining was present across all groups, which was further increased with ACK treatment for both foAC and jbAC constructs. Collagen staining was present across all groups, but was additionally enhanced by ACK treatment for both foAC and jbAC constructs. Collagen I staining was not preset in either the untreated or treated foAC and jbAC constructs. Collagen II staining was present in both untreated foAC and jbAC constructs and was intensified by ACK treatment. Figure 4 demonstrates biochemical content of the neocartilage constructs. Cellular caspase activity per DNA in both foACs and jbACs was significantly reduced by ACK treatment. Caspase activity of foACs before ACK treatment was 31.2 -5.2 RLU/ng DNA and was significantly reduced to 12.8 -3.7 RLU/ ng DNA with treatment. Caspase activity of jbACs before ACK treatment was 56.9 -0.2 RLU/ng DNA and was significantly reduced to 40.2 -1.9 RLU/ng DNA with treatment. Untreated and ACK-treated foAC neocartilage GAG per wet weight (GAG/WW) was 5.5% -0.1% and 5.7% -0.2%, respectively. Untreated and ACK-treated foAC neocartilage GAG per dry weight (GAG/DW) was 42.8% -1.5% and 43.1% -1.7%, respectively. GAG per DNA in untreated foAC constructs was 60.4 -0.9 mg/mg and was significantly reduced to 50.54 -1.3 mg/ mg with ACK treatment. ACK treatment significantly decreased jbAC construct GAG per wet weight from 3.9% -0.2% to 3.0% -0.1% and GAG per dry weight from 33.5% -2.0% to 24.8% -2.8%. ACK treatment significantly reduced jbAC construct GAG per DNA from 70.65 -5.3 to 28.1 -1.4 mg/mg.
Histological and immunohistochemical assessment
Biochemical content
Collagen content per wet weight (collagen/WW) and collagen per dry weight (collagen/DW) in foAC neocartilage were significantly increased from 2.0% -0.1% to 2.3% -0.1% and 14.4% -0.8% to 18.5% -0.7%, respectively, by ACK treatment. Construct collagen per DNA in untreated and ACKtreated foAC neocartilage was 20.5 -0.9 and 20.4 -0.8 mg/mg, respectively. ACK treatment significantly increased collagen per wet weight from 1.8% -0.1% to 2.0% -0.1% in jbAC constructs. Collagen per dry weight in the untreated jbAC constructs was 15.2% -0.5% and 16.3% -1.4% in the ACK -FIG. 4 . Neocartilage biochemical content. ACK treatment significantly reduced foAC and jbAC caspase activity (A, F), jbAC GAG/WW (G), and jbAC GAG/DW (H). ACK treatment significantly increased foAC and jbAC collagen/WW (D, I) and foAC collagen/DW (E). foAC GAG/WW, GAG/ DW, and jbAC collagen/DW (B, C, J) were unaffected. treated constructs. Collagen per DNA in untreated jbAC constructs was 31.7 -1.2 mg/mg and was significantly reduced to 18.6 -0.7 mg/mg with ACK treatment.
Mechanical properties
ACK treatment significantly enhanced the compressive, shear, and tensile properties of both foAC and jbAC neocartilage constructs (Fig. 5) . Aggregate modulus of foAC constructs significantly increased from 37.8 -8.1 to 104.5 -13.5 kPa with ACK treatment. ACK treatment similarly and significantly increased jbAC construct aggregate modulus from 83.8 -7.0 to 116.6 -8.8 kPa. Shear moduli of foAC and jbAC neocartilage were significantly increased from 21.6 -3.5 to 49.4 -6.4 kPa and 38.5 -3.3 to 51.9 -4.0 kPa, respectively, by ACK treatment. ACK treatment significantly increased foAC construct tensile modulus from 0.8 -0.1 to 1.5 -0.1 MPa and UTS from 0.2 -0.1 to 0.5 -0.1 MPa. Tensile modulus of jbAC constructs significantly increased from 1.2 -0.1 to 1.8 -0.1 MPa, and UTS significantly increased from 0.6 -0.1 to 1.1 -0.1 MPa as a result of ACK treatment.
Discussion
This study sought to investigate the effect of ACK buffer treatment of freshly isolated, fully differentiated cells to increase cell purity and enhance their ability to form biofunctional engineered neotissues. This was tested in the well-established cartilage tissue engineering model of the self-assembling process. The hypothesis that ACK treatment of ACs from donors of different species and age would each yield neocartilage constructs with improved functional properties compared with constructs formed with untreated cells was confirmed. ACK treatment immediately decreased the number of apoptotic chondrocytes and decreased contamination by unwanted cell types. Treatment also resulted in flat, homogeneous, hyaline-like neocartilage constructs by eliminating the diffuse regions of low cellularity present within the constructs engineered from untreated cells. Finally, treatment yielded neocartilage with superior biochemical composition as well as compressive, shear, and tensile properties. This work represents the first time that ACK buffer has been used to purify fully differentiated cells and demonstrates the significant detrimental effects of contaminating cell types on neotissue functional properties.
Eliminating contaminating cell phenotypes results in improved neocartilage morphology and homogeneity. Treatment resulted in a significant reduction of RBC content in both foAC and jbAC cell isolates (Fig. 1) . This yielded increased neocartilage homogeneity by eliminating the diffuse GAG-rich regions of low cellularity observable in histology of the untreated constructs (Fig. 3) . These regions are likely responsible for the gross morphological abnormalities observed in the untreated constructs ( Fig. 2A, E) and their removal resulted in the reduced tissue thickness observed in treated constructs (Fig. 2B, F) . GAG deposition in the diffuse regions is particularly apparent in the jbAC constructs (Fig. 3) ; the reduction of these regions correlates with the significant decrease in GAG per wet weight, GAG per dry weight, and tissue hydration also seen in the jbAC constructs. The self-assembling process by which the neocartilage constructs in these studies were formed relies on cell-cell contact encouraged by nonadherent surfaces and free energy minimization through differential adhesion and differential tension. 28 The presence of RBCs may have introduced unexpected forces in the culture system as a result of cell sorting and interfered with chondrocyte-chondrocyte communication and subsequent neocartilage formation. Additionally, as blood components, particularly RBCs and mononuclear cells, are known to cause chondrocyte apoptosis, 10, 29 eliminating RBCs in culture removed a major cause of chondrocyte death, which may also be responsible for neocartilage inhomogeneity. These results show that removal of cellular detractors to the self-assembling process and eliminating an apoptotic stimulus improves the homogeneity of neocartilage cellular distribution and matrix deposition.
ACK buffer treatment not only eliminated contaminating RBCs but may also have eliminated apoptotic chondrocytes. The total number of chondrocytes was measured before and after ACK treatment using a hemocytometer, and care was taken not to include RBCs, which are much smaller in diameter, into the count. ACK buffer treatment decreased total AC numbers by *20% for foACs and *10% for jbACs, without significantly reducing AC viability (Fig. 1) . The reduction in total AC numbers implies that ACK treatment potentially removed chondrocytes as well as RBCs. It was then hypothesized that ACK treatment preferentially lysed apoptotic ACs. The activity of executioner caspases 3 and 7, which proteolytically degrade intracellular proteins as part of programmed cell death, 30 was measured. Caspase activity was significantly decreased per ng DNA in both foACs and jbACs after ACK treatment (Fig. 3A, F) . The decrease in caspase activity, coupled with the decrease in total AC numbers, implies that ACK buffer reduced the number of apoptotic chondrocytes already present. During apoptosis, caspases break down the cytoskeleton, 31 resulting in membrane blebbing. 32 It is possible that the breakdown of the cytoskeleton within apoptotic chondrocytes renders them unable to withstand the osmotic pressure changes induced by hypotonic ACK buffer application. Additionally, the loss of excess cell membrane through blebbing may not allow for the surface area expansion that takes place in normal chondrocytes under hypotonic conditions. 33 Both cytoskeletal breakdown and loss of cell membrane through blebbing make chondrocytes on the apoptotic pathway more susceptible to ACK buffer-induced cell rupture. [31] [32] [33] This suggests that ACK buffer not only lyses RBCs, as expected, but also eliminates apoptotic chondrocytes that are not yet marked dead by traditional viability stains such as Trypan Blue. To our knowledge, this is the first study to document that ACK buffer can be used to purify chondrocyte subpopulations of apoptotic chondrocytes.
Increases in construct mechanical properties can be correlated with biochemical composition and the absence of diffuse regions within the tissue. The aggregate modulus of neocartilage is significantly increased with ACK treatment of both foACs and jbACs (Fig. 5A, D) , despite the reduction in GAG content in jbAC constructs (Fig. 4) . This implies that GAG content is not the sole contributor to compressive properties and that matrix homogeneity and collagen content may also be key factors. ACK treatment also resulted in more intense collagen staining throughout and significant increases in collagen content across both the foAC and jbAC groups, likely due to increased cellular distribution and subsequent tissue homogeneity. These changes in collagen deposition correspond to significantly increased tensile moduli and UTS in both foAC and jbAC constructs (Fig. 5B, C, E, and F) . A material is stronger in the absence of stress concentrations created by ECM discontinuities. It is likely that the improved tissue homogeneity achieved with ACK treatment eliminated stress concentrations caused by abrupt changes in tissue material properties, thus improving the neocartilage mechanical properties in both compression and tension. The importance of a gradual transition between tissues has been shown in composite orthopaedic tissues, such as the cartilage-bone and tendon/ligament-bone interfaces. 34 However, future studies should examine the effects of tissue inhomogeneity on stress concentration development and the subsequent changes in mechanical properties within single orthopaedic tissues. Increased tissue homogeneity achieved by ACK buffer treatment increases neotissue compressive, shear, and tensile moduli.
The impact of blood-induced cartilage death has farreaching clinical relevance and motivates the identification of exogenous treatments to prevent this damage. This study emphasizes the importance of eliminating blood components in chondrocyte cultures for tissue engineering. Exposure of chondrocytes to blood is not just a concern for in vitro work, however. Clinically used surgical techniques to repair articular cartilage damage, for example, microfracture, drilling, and mosaicplasty, involve the stimulation of bleeding from the subchondral bone plate to access bone marrow-derived mesenchymal stem cells in an effort to stimulate tissue regeneration. 35 Despite the benefits of accessing these cells, short-term exposure of cartilage to blood results in degenerative changes to blood-exposed cartilage. 10 Even rapid clearance of a joint bleed in a canine knee in vivo resulted in reduced proteoglycan synthesis rates in exposed cartilage. 11 It also contributed to synovial changes, which caused proteoglycan release from healthy cartilage. 11 The mechanism by which chondrocytes become apoptotic after exposure to blood is unclear. It has been suggested that hydrogen peroxide production by chondrocytes as a result of IL1b stimulation, in combination with hemoglobin-derived iron, causes an increase in free radical formation, which permanently damages chondrocytes. 10 Therefore, therapeutic approaches to prevent chondrocyte apoptosis may involve targeting IL-1b with antibodies, such as canakinumab, 36 and sequestering iron with compounds such as gallium. 37 In light of the growing body of evidence implicating blood exposure as a stimulus for cartilage damage, further research to elucidate the exact mechanisms involved, its effect on the outcomes of current clinical therapies, and potential therapeutics should be performed.
These studies demonstrated the positive effects of ACK buffer treatment on clinically relevant cell types. Juvenile chondrocytes are more proliferative and more readily produce cartilage-specific matrix than chondrocytes sourced from adult cartilage. 1 As such, juvenile bovine cartilage as a cell source is common for cartilage tissue engineering. As reviewed, many articles have been published using this cell source to investigate the effects of mechanical, biochemical, and bioactive stimuli to form functional neocartilage. 38 Although engineered from animal sources, these tissues pave the way for clinical translation of human juvenile chondrocytes to be used for cartilage therapy. For example, DeNovo NT (Zimmer) is a particulated juvenile cartilage implant used for the allogeneic repair of cartilage damage; its use shows defect filling and clinical improvement in pain and function. 39 RevaFlex (ISTO), formerly DeNovo ET, is a neocartilage engineered from juvenile chondrocytes to repair cartilage defects capable of resurfacing lesions of up to 5 cm 2 . 2 Fetal chondrocytes show an even greater chondrogenic potential than juvenile chondrocytes. 40 This, coupled with the common use of the sheep as an animal model to investigate cartilage repair, 41 makes foACs highly relevant to the clinical translation of fetal chondrocyte tissue-engineered technologies. Given the success of ACK buffer to purify these clinically relevant cell types, this work should be extended into other fully differentiated cell types for tissue engineering.
Conclusions
This study underscores the importance of cell purity to the success of tissue engineering efforts. ACK buffer treatment of foACs and jbACs produced homogeneous, hyaline-like neocartilage constructs. Treatment reduced the number of contaminating RBCs by over 60% and reduced caspase activity in both cell isolates. Furthermore, tissue homogeneity and distribution of chondrocytes and cartilage-specific matrix components were greatly increased. Increased ECM homogeneity subsequently increased tissue compressive aggregate modulus by 170%, increased shear modulus by 130%, increased tensile modulus by 80%, and increased UTS by 130%. To the authors' knowledge, this is the first time that ACK buffer has been used to purify freshly isolated fully differentiated cells. The lack of existing chondrocyte purification methods and the improved functional properties achieved with ACK treatment suggest that the presence of contaminating cell types within cartilage cultures may be a significant limiting factor to achieving native tissue properties in not only engineered neocartilage but also other neotissues from fully differentiated cells.
